Environmental noise management is an important part of the policy across the EU policy context, because transportation noise is a significant local environmental problem for most of the urban population. Increasing numbers of vehicles are associated with growing noise levels from road transport in urban areas and rising public health problems. Motor transport is considered to be a main source of noise pollution, so it is important to investigate the level of traffic noise and assess the relationship with traffic flows. The paper describes the main methods for determination of noise characteristics of traffic flows. The dependences for the prediction of the equivalent noise level and the results of field measurements of sound levels are presented. The results of field experiments and the calculated values of sound levels obtained by the analytical method are tested for homogeneity, using the Wilcoxon test. Experimental studies have established that the external sound level depends largely on the speed of vehicles, road conditions, and basic operating characteristics of highways. The analytical method associated with the use of deterministic and probabilistic models makes it possible to predict the traffic noise. But when dealing with the foregoing methods, there arise specific problems, many of which have not been resolved: there is no uniform terminology, nor is there any consensus on the use of noise characteristics of traffic flows in calculations at different stages of construction and reconstruction of highways of a certain traffic flow model under conditions of human settlements. Standardized measurement methods have been established and revised throughout the years by many renowned researchers. These methodologies have been revised in order to minimize problems that may occur and may not be foreseen by a less experienced researcher when adopting the measurement methods. Standardizing the measurement method is also useful for researchers because it becomes possible for researchers from around the world to compare their data. The joint effect of road conditions and the operational status of the roadway on the acoustic pollution of the roadside area is not fully taken into account. Therefore, applying the internationally recognized acoustical measurement standards is a good way to start any noise measurement experiment. The purpose of experimental research is to investigate the joint effect of road conditions and the operational status of the roadway on the acoustic pollution of the roadside area of settlements: identify the main characteristics of noise produced by traffic flows, consider the comparability of results of the field experiment and analytical computations. Slopes of 20…40‰ have little impact on the noise caused by the movement of passenger cars and trucks. In this case, the average acoustic emissions are identical to those used in the prediction of noise mode.
Introduction
As technology advances, more roads are built and more vehicles made to meet the demand and desire of humans to reach every part of the world with ease. Traffic volumes are ever increasing, and hence traffic noise pollution is be-coming one of the most critical issues in society (Ugnenko et al. 2017) . According to a EU publication (WHO 2018) :
-about 40% of the population in EU countries is exposed to road traffic noise at levels exceeding 55 dB(A); -20% is exposed to levels exceeding 65 dB(A) during the daytime; -more than 30% is exposed to levels exceeding 55 dB(A) at night. The World Health Organization guidelines for community noise recommend less than 30 dB(A) in bedrooms during the night for a sleep of good quality and less than 35 dB(A) in classrooms to allow good teaching and learning conditions. In the night noise recommend less than 40 dB(A) of annual average outside of bedrooms to prevent adverse health effects from night noise (WHO 2018) . According to the existing laws, noise levels in residential areas during the day cannot exceed 65 dB(A) (Bikuvienė, Juodkienė 2017) .
Environmental noise management is an important part of the policy across the EU policy context, because transportation noise is a significant local environmental problem for most of the urban population. Increasing numbers of vehicles are associated with growing noise levels from road transport in urban areas and rising public health problems. Motor transport is considered to be a main source of noise pollution, so it is important to investigate the level of traffic noise and assess the relationship with traffic flows (Miškinytė, Dėdelė 2014) . Road traffic is the most dominant source of environmental noise, with an estimated 125 million people affected by noise levels greater than 55 dB (day-evening-night level) (EEA 2014) . Road transport is one of the most important environmental polluters in Europe as well as in Lithuania, Ukraine, and other countries, though more attention is paid to air quality problems than to noise pollution (Smolnikovas et al. 2015) . The transport systems in these countries are dominated by relatively old vehicles that are prone to generate high levels of traffic noise. The lack of economic means has made the process of upgrading transportation vehicles to more modern and less noisy models in Lithuania much slower than in other EU countries (Ilgakojis et al. 2005) . The engine noise and the interaction between vehicle tyres and the road surface are two major sources of road transport noise (Miškinytė, Dėdelė 2014) . Both the tyre and the road surface play an important role in the tyre/road noise generation which involves structural vibration and aerodynamic mechanisms. The interaction between the rolling tyre and road surface produces noise and vibration that can be amplified by different mechanisms like resonance and horn effects (Sandberg, Ejsmont 2002) . Tyre cavity resonance is an important interior noise in the range of 200…300 Hz (Tanaka et al. 2016; Mohamed, Wang 2016) . Also, vehicle speed, road surface material and its porosity, as well as tyre structure and tread pattern are factors influencing the tyre/road noise level (Sandberg, Glaeser 2008) . Vehicle exterior and interior noise are produced from sound radiating from the vibrating tyre structure and from air pushed between the tread blocks and the road surface (Tanaka et al. 2016) .
Traffic noise has large consequences on the appreciation of the living quality close to roads and leads to speech interference, sleep disturbances, and general annoyance. Furthermore, it impacts the economy as it increases the costs for noise abatement and decreases the value of properties, which are close to noisy road transport infrastructure (Masino et al. 2017) . Traffic noise control technology is gaining more attention from society nowadays, and many traffic noise control measures have been implemented (Ho et al. 2013) . Vehicle noise regulation is important, especially in light of growing traffic volumes and the proximity between transport infrastructure and residential and living areas. Every doubling of transport intensity increases noise levels by 3 dB(A). Vehicle noise regulation goes back to the 1970s, with tyre/road noise regulation added in 2001 and thereafter. In their present form, however, both sets of legislation are too liberal to have had any significant effect, and the number of people exposed to ambient noise has consequently increased rather than declined (Den Boer, Schroten 2007) . As one of the most popular methods to reduce road traffic noise, noise barriers are installed along the road, but the excessive cost of installation and maintenance has been identified as the problem, and rising height has increasingly been a blot on the landscape (Moon et al. 2013) . In Japan, active noise control technology was applied to noise barriers in 2004. Active noise reduction technology is intended to reduce the noise by generating counter-noise with the same level and frequency after converting 180° the frequency of the noise (Moon et al. 2013) .
Noise can disturb people's daily life and affect people's work performance. And long-term excess noise exposure can lead to hearing damage and even psychological disorder (Ho et al. 2013) . Noise impact and noise reduction policies could produce significant effects on the economies of EU countries, in which health-related costs alone account for 0.2…2.0% of the annual Gross National Product (Morgan 2006) .
The materials and techniques used in the construction of any particular road pavement surface are significant contributors to the levels of road traffic noise that are generated by that pavement surface. Moreover, the noise outputs generated from certain types of pavements have been found to be more annoying than those generated on other types of pavements, even when the overall noise levels generated on each pavement are similar. Basic noise characteristics of traffic flows depend on (1) intensity, velocity, and specific gravity of trucks in the traffic flow;
(2) traffic management; (3) traffic conditions; (4) the operational condition of the roadway (Parnell, Samuels 2006; Samuels, Parnell 2001) . Therefore, it is important to have standard guidelines for collecting acoustical measurements and interpreting the results accurately (ISO 11819-1:1997; ISO 11819-2:2017; GOST 31330.1:2006) .
Many guidelines and recommendations are available for measuring the acoustical properties and interpreting the results. Currently, computational methods have been developed that make it possible to establish certain noise characteristics under traffic conditions in communities, namely, the methods of field measurements, analytical methods, and modelling techniques. The method of field measurements allows investigation of the effect of the above parameters in a real traffic flow, to establish sanitary and hygienic assessment of noise within an appropriate time period. The method of field measurements that makes it possible to determine the noise characteristics of transport flows, as well as sound levels produced by the traffic in residential areas, in resident and public buildings is introduced into a number of standards. The analytical method associated with the use of deterministic and probabilistic models makes it possible to predict the traffic noise.
However, the foregoing methods are associated with specific problems, many of which have not been resolved: there is no uniform terminology; nor is there any consensus regarding the use of noise characteristics of traffic flows in calculations at different stages of construction and reconstruction of highways of a certain traffic flow model under conditions of human settlements. Standardized measurement methods have been established and revised throughout the years by many renowned researchers. These methodologies have been revised in order to minimize problems that may occur and may not be foreseen by a less experienced researcher when adopting the measurement methods. Standardizing the measurement method is also useful for researchers because it becomes possible for researchers from around the world to compare their data. The joint effect of road conditions and the operational status of the roadway on the acoustic pollution of the roadside area is not fully taken into account. Therefore, applying the internationally recognized acoustical measurement standards is a good way to start any noise measurement experiment.
In the literature, a large number of noise forecasting models, referring to different types of roads (urban roads, motorways, and so on), is reported. Such models generally consist of empirical equations that allow calculations of noise levels associated with traffic flow showing determined composition (heavy vehicles, motorcycles, cars) and characteristics (velocity, flux, etc.) (Nucara et al. 2001) .
The purpose of the experimental study is to investigate the joint effect of road conditions and the operational status of the roadway on the acoustic pollution of the roadside area of settlements: identify the main characteristics of noise produced by traffic flows and consider the comparability of the results of the field experiment and analytical computations.
Theoretical study
Numerous field measurements conducted in various localities of the Kharkiv region revealed a correlation for the background level L f during peak hours (Ugnenko 2008 ):
where: Q is population of people; ∆ = 0 dB(A) f L for small and medium-sized towns, ∆ = 10 dB(A) f L for peripheral areas.
With the introduction of state standards for allowable exterior noise of vehicles, industries in Europe have begun to produce cars with a regulated noise characteristic of each kind. The following are the maximum permissible sound levels dB(A) at a distance of 7.5 m from the axis of movement at a speed of 50 km/h (Table 1) . Increased roughness of the road surface l ∆ M L increases the sound level of a single vehicle (Ugnenko 2008) :
where: l M is the macroroughness within the range of 0.3…10.0 mm. On the basis of the foregoing, one can set the projected equivalent noise level L A equiv at reference points of the roadside area of a locality by the formula (Ugnenko 2008) : m is the sequence number; x m is the coefficient that al-lows the road conditions and the operational status of the roadway to be taken into account.
To determine the analytical dependence of the hourly equivalent sound level as a function of parameters characterizing the traffic flow, the state of coating, and the background noise, a number of idealizations have been introduced. As a result, the formula previously referred to was tested by comparing the results obtained with field measurements and calculated values by other methods. Data (Table 2) yielded by the experimental studies were accepted as the calculated values.
Research methodology
Experimental studies are classified as passive because they do not make it possible to vary the factors that determine the setting of acoustic pollution levels of the roadside area. Particular attention was paid to the choice of experimental road sections. The studies were conducted on the road sections of highways Kyiv-Kharkiv, Kyiv-Lviv-Cracow.
The Statistical Pass-By (SPB) method is described in the ISO 11819-1:1997 standard. It provides a method to determine an index which can be used to compare the noise emission impact of different road surfaces by measuring vehicle passbys at the roadside. This can either be a tool for classifying and ranking different types of road surfaces according to their influence on noise emission or for evaluating the effect of different road surfaces at a particular site, especially before and after resurfacing. Method is based on the measurement of the maximum A-weighting sound pressure levels of a statistically significant number of individual vehicle passbys together with the vehicle speeds. The passing vehicles are classified into one of three vehicle categories and one of three reference speeds is chosen according to the average operating speed of the road. The vehicle speed was measured when passing the microphone with an accuracy of ±3%.
The main reasons for the limited applicability of the SPB method are the very strict requirements. Those concern the test sites, the traffic and the road surface itself and the weather conditions. The road surface shall be: in good condition, homogeneous, dry and, if possible, the whole distance between the lane and the microphone should be covered with the same road surface. The selected test section should provide essentially free-field conditions for sound measurements. It should fulfil the following list of criteria:
-the minimum length of the test section should be 60 m (100 m for high-speed roads); -no bends or gradients >1%; -no large reflecting surfaces shall be present; -no screening objects shall be present within the area between the microphone and the road; -A-weighting sound pressure levels from other sources than traffic shall be at least 10 dB below the quietest maximum sound levels recorded during the passbys. Field measurements of the equivalent level of traffic noise were conducted according to current Ukraine practices during the daytime and at peak times in the summer by the precision Integrating Sound Level Meter Type 0026 (RFT Company, Germany). The sound level instrumentation shall be checked once every year for compliance with the aforementioned standards. In addition to that, the sensitivity of the whole acoustic measurement setup must be checked with an acoustic calibrator before and after the measurements. The calibrator must meet the requirements (Class 0 or 1) of IEC 60942:2017. If the readings differ more than 0.5 dB, the measurement is invalid. The microphone was located 2 m from the outer fence of the building at a height of 1.5 m from the ground level during the time interval when cars were moving at a steady speed basically in the middle of the roadway. The duration of continuous measurements of noise levels was accepted depending on the intensity of the traffic flow. For traffic flows with an intensity of more than 1000 veh/h, the duration of measurements constituted 15 min, and for those with an intensity of 500…1000 veh/h, the duration of measurements -20 min.
The measurement of air temperature is mandatory, whereas the measurement of surface temperature is optional. The instrument shall have a maximum error of 1 °C. Wind speeds must not exceeding 5 m/s during the measurement. For the vehicle speed and temperature measurement equipment, no special calibration procedures are required in the standard apart from the error limits.
Course, results of tests, and discussion
The experimental design included a selection of samples of 15 measurements of transport flow noise characteristics. The results of the comparisons of measured and calculated values of noise characteristics of transport flows are shown in Table 3 . The obtained errors ∇ dyn and ∇ st defined as differences L chan -L dyn and L chan -L st were tested for homogeneity, using the Wilcoxon test at a level of significance of 0.01. It was established that errors ∇ dyn and ∇ st for the given volume of sampling are uniform, and their distribution is close to a normal packet (ISO 11819-1:1997; ISO 11819-2:2017). Thus, the estimated mathematical relation represented by Equation (3) is in good agreement with both the results of field observations and the results of calculations according to the statistical model.
At a large distance from the source of noise, the sound pressure level depends not only on the geometrical parameters, but also on the characteristics of noise propagation in the atmosphere near the ground surface. Spatial sound attenuation in the atmosphere, defined as "classic", as well as molecular absorption, according to the ISO/TC 43 data, when planning measures to combat noise pollution, is recommended to be taken into account (for temperature +15 °C and relative humidity of 70), using the following indicators ( Table 4) .
Reduction of noise near the ground surface is affected by its character. It has been experimentally established that under real conditions there are observed deviations of the measured sound pressure levels from those calculated in accordance with formulas that take into account the free circulation of sound in the direction of decreasing and increasing the values obtained. Additional in relation to damping in the free space change in the level of noise (additional damping) is a consequence of interference and diffraction effects associated with the propagation of sound from a source located above the ground surface. Studies have shown that the additional attenuation de-pends on the frequency, the distance between the source and the receiver, their height above the ground surface, and the nature of ground surface relief.
As a result of the experimental studies, in the acoustic range maps were obtained of noise levels at the roadside area of localities by the methods of planning and building, where the curves of equal sound levels show a relative decrease in the level of the source -the first axis of vehicular traffic on the carriageway (Figure 1) , as well as a nomogram developed for determining the level of noise pollution of the roadside area (Figure 2) .
On the basis of a large number of field measurements, a graph of traffic flow acoustic emission was created for different categories of vehicular traffic (Figure 3 ). Using this graph, one can determine the value of sound level L A equiv (also called acoustic emission E) when driving a motorcar or a truck for 1 hour in the case of one of the foregoing types of motion and three types of longitudinal profiles. On the basis of the values indicated in the graph and concerning the motion of motorcars or trucks at a given speed under the conditions of one type of traffic flow described previously, one can determine the value of acoustic emission, depending on the road type.
Further, we will confine ourselves to considering the road sections with a uniform vehicular traffic. On the hor- case, the average acoustic emission values are identical to those used in the prediction of the noise mode.
The graph in Figure 3 shows that the speed of passenger cars decreases as upgrade increases (>40‰). If the range of base speeds on a flat road section is 90…130 km/h, the speed drops to 60…105 km/h in the presence of a steep rise. At downhill operation (20…40‰), the speed increases, and the average acoustic emission in this case is 39.5 dB(A). With a combination of downhill and uphill operation, the total energy value of acoustic emissions is very close to the value on the horizontal road section -38.5 dB(A).
The same applies to road freight transport. At uphill operation (>40‰), the speed is significantly reduced, and the value of the average acoustic emission E aver is close to 45.0 dB(A). At downhill operation, the speed can increase, remain constant, or decrease (at braking), but the value of the average acoustic emission E aver remains close to 45.0 dB(A). izontal sections of such roads, motorcars develop speeds of 90…130 km/h, and trucks -of 70…100 km/h. These values are typical and allow professionals who deal with transport acoustics to determine the sound levels with sufficient accuracy.
For the indicated categories of vehicles, the average acoustic emission has the following values:
-passenger cars (average speed of 90…130 km/h or more) E = 38.5 dB(A); -commercial vehicles (average speed of 70…100 km/h or more) E = 45.0 dB(A). The foregoing values can be used to predict the levels of sound. Slopes of 20…40‰ have little impact on the noise caused by the movement of cars or trucks. In this On roads with heavy traffic on horizontal road sections, the speed of passenger cars is 70…120 km/h during the partial loading of the road. The speed of trucks on these roads is 65…90 km/h. For these types of vehicles and speed, the data chart gives the average value of acoustic emissions: passenger cars -35.5 dB(A); trucks -44.0 dB(A). These values can be used as a base on the initial curve of equal sound levels in predicting L A equiv .
It should be noted that on road sections with a large rise the speed range is narrowed, and the average acoustic emission of passenger cars corresponds to approximately the value of emission in the absence of a slope -35.0 dB(A). At downhill operation, on the contrary, the average speed can be increased by 10…20 km/h and cause the emission of sound equal to 36.5…37.5 dB(A). With bilateral traffic and the presence of a rise and slope, the level of average emission is 36.0…36.5 dB(A) (more than on a horizontal road section).
In trucks in the presence of a steep climb (~60‰), the velocity decreases and causes a significant increase in the base level of noise emission, which is explained by an increase in the noise exposure time in the reference points and intensive operation of the engine. Acoustic emission in this case reaches 46.0…47.5 dB(A). At moderate slopes (20…40‰), acoustic emission has an average value between the foregoing values and acoustic emission on a horizontal road section. During the downhill operation, the speed of trucks can be very different, and the average acoustic emission is similar to the one on a horizontal road section -44.0 dB(A). With two-way traffic, the two previously described situations are summed up, and the average acoustic emission E aver varies 44.0…47.0 dB(A) at low and high grades. In general, when driving on roads of the I and II categories, slopes have a moderate impact on the acoustic situation; in the case of steep slopes (40‰ or more), an increase in acoustic emission by 1.0…2.0 dB(A) is produced compared with a horizontal road section.
The foregoing values of acoustic emission correspond to the sound level L A equiv (during 1 h), expressed in dB(A), on the initial curve of equal sound levels when driving one car per hour (car or truck) on the road, located on the ground level and apparently (perceived) at an angle of 180°. The meaning of acoustic emission when driving a vehicle corresponds to the sound level L A equiv (during 1 h) at a point located 30 m from the edge of the roadway and at a height of 10 m, in the absence of obstacles and under the condition that the surface has a high reflectivity. To get the real value of the sound level at a given reference point, the correction index that takes into account the impact of acoustic emission in space should be added or subtracted.
The level of emissions from each vehicle in the traffic flow can be determined with a high accuracy, depending on the speed and nature of the traffic flow and movement of cars and trucks. To determine the level of emission produced by a stream of vehicles, it is sufficient to add the noise levels caused by different types of vehicles. But in the absence of data required for this calculation (data concerning the speed of each transport flow), especially with-in the prediction of sound levels (when only the intensity of movement is determined), the level of traffic flow is calculated on the basis of average levels of acoustic emissions. At the same time, on the road there is expected vehicular traffic characteristic of one of the four types previously described: continuous smooth, continuous pulsing, pulsating acceleration, or deceleration. To get the sound level on the initial curve of equal sound levels at a given vehicular traffic intensity per hour, one should add ⋅ 10 lg N to the value of acoustic emission of an average vehicle.
Roads laid in a small recess are referred to (depths of less than 2 m) as roads with the ability to absorb sound. For roads with such a transverse profile, two graphs are used: for a short distance, one of the three graphs of acoustic emission under conditions of a sound reflecting surface; for distances of over 30 meters, a graph showing the sound absorption due to the impact of the ground surface.
The amount of sound reduction at its propagation in space is equal to the sum of sound attenuation performance, defined by these two graphs at a distance corresponding to the position of the reference point. The graph shows the additional attenuation of sound near the absorbing surface with respect to the performance of acoustic emission near the surface that reflects sound.
The paper examines the overall impact of road performance indicators and geometric parameters on acoustic pollution of residential areas of roadside lanes. This analysis is novelty of this paper. The obtained data will be used by the impulse method for solving wave acoustic radiation equations due to the traffic flow. The solution of wave acoustic radiation equations due to the traffic flow taking into account the overall impact of road performance indicators and geometric parameters, allows one to determine:
-noise level when vehicle is moving in a free trajectory; -level of acoustic pollution at a certain distance from the road's axial line; -level of acoustic pollution in the presence of a predetermined mobile coordinate system associated with a sound source (traffic flow).
Conclusions
1) Studies have shown that the additional attenuation depends on the frequency, the distance between the source and the receiver, their height above the ground surface, and the nature of ground surface relief; 2) Roads laid in a small recess are referred to (depths of less than 2 m) as roads with the ability to absorb sound. For roads with such a transverse profile, two graphs are used: for a short distance, one of the three graphs of acoustic emission under conditions of a sound reflecting surface; for distances of over 30 m, a graph showing the sound absorption due to the impact of the ground surface;
3) Slopes of 20…40‰ have little impact on the noise caused by the movement of passenger cars and trucks. In this case, the average acoustic emissions are identical to those used in the prediction of noise mode. In general, when driving on roads of the I and II categories, slopes have a moderate impact on the acoustic situation; in the case of steep slopes (40‰ or more), an increase in acoustic emission by 1.0…2.0 dB(A) is produced compared with a horizontal road section; 4) At downhill operation (20…40‰), the speed increases, and the average acoustic emission in this case is 39.5 dB(A). With a combination of downhill and uphill operation, the total energy value of acoustic emissions is very close to the value on the horizontal road section -38.5 dB(A); 5) On roads with heavy traffic on horizontal road sections, the speed of passenger cars is 70…120 km/h during the partial loading of the road. The speed of trucks on these roads is 65…90 km/h. For these types of vehicles and speed, the data chart gives the average value of acoustic emissions: passenger cars -35.5 dB(A); trucks -44.0 dB(A). These values can be used as a base on the initial curve of equal sound levels in predicting L A equiv ; 6) On the basis of field measurements, a graph of traffic flow acoustic emission was created for different categories of vehicular traffic. Using this graph, one can determine the value of sound level (also called acoustic emission) when driving a motorcar or a truck for 1 h in the case of one of the types of motion and three types of longitudinal profiles. On the basis of the values indicated in the graph and concerning the motion of motorcars or trucks at a given speed under the conditions of one type of traffic flow, one can determine the value of acoustic emission, depending on the road type; 7) The paper examines the overall impact of road performance indicators and geometric parameters on acoustic pollution of residential areas of roadside lanes. The obtained data will be used by the impulse method for solving wave acoustic radiation equations due to the traffic flow.
